The anomalously low affinity of yttrium (Y) for iron (Fe) (oxyhydr)oxides relative to lanthanides with similar ionic radius (e.g., Ho) has been demonstrated in experiments with isolated Fe minerals and in a variety of marine systems that contain high concentrations of solid phase Fe. However, it has not previously been demonstrated to occur during soil genesis, despite the common observation that many soils become enriched in Fe over time. We hypothesized that Y would become progressively depleted in soils relative to Ho with increased weathering. Since, trivalent Y has an anomalously low Misono softness relative to other trivalent ions included in the rare earth element and yttrium group (REY 3+ ), we also investigated whether soil REY fractionation reflects variation in Misono softness. To test this, we measured trends in total REY concentrations for Hawaiian soils derived from basaltic parent materials aged 0.3-4100 ky, and measured REYs released from the same samples during short-time ( In contrast, the Chond [Y/Ho] ratio of the surface soils decreased from 0.99 ± 0.07 to 0.76 ± 0.05 at 150 ky and then, most likely due to continued dust inputs, increased to 1.04 ± 0.07 in the oldest soils. Analysis of the short-time dissolution experiments revealed preferential release of Y relative to Ho (and also La relative Pr) at intermediate pH where aqueous REY concentrations are governed by proton competition for adsorption sites. Proton-competition-control over REY release is bounded at high pH by the onset of colloidal dispersion-represented by the point of minimum dissolution (p.m.d.) of Al-and at low pH by the soil's point of zero net charge (p.z.n.c.) and/or when proton-promoted dissolution of REY-containing solids, including Fe-(oxyhydr)oxides, control REY release. Results of our dissolution experiments suggest that complexation of REYs by dissolved organic matter (DOM) does not drive Y-Ho fractionation during pedogenesis, but rather may suppress it. Synthesis of these field and laboratory experiments suggests the Y/Ho ratio decreases early in soil development (<20 ky) when weathering rates are high and competitive proton adsorption affects REY fractionation. Given that Fe-(oxyhydr)oxide sorbents exhibit greater affinity for Ho relative to Y, their prevalent neo-formation during incipient pedogenesis likely plays a central role in Y-Ho fractionation in these soils. Persistence of low Chond [Y/Ho] ratios in the subsurface soils even at 4100 ky suggests Y-Ho fractionation continues, albeit at a slower rate, as weathering proceeds.
INTRODUCTION
Small predictable variations in chemical properties with increasing atomic number make the lanthanide series (elements of atomic number 57 through 71, known as the "rare earth elements") useful probes of biogeochemical weathering processes. The coherent chemical behavior of the lanthanides derives from the stable arrangement of the outer electron shell (5sp) across the series. Chemical variations resulting from the gradual filling of the inner 4f electron shell are effectively shielded by the outer 5sp shell such that the dominant changes in REE geochemical behavior can be ascribed to systematic variation in ionic radius with the REEs behaving as hard Lewis acids (Pearson, 1968) . Because yttrium (Y) has a similar outer electron shell structure it is often included as a pseudo-lanthanide with an ionic radius nearly identical to holmium (Ho) and consequently similar chemical behavior Richens, 1997) . However, the electron cloud of lanthanides with empty (La 3+ , Y 3+ ), half-filled (Gd 3+ ) or filled (Lu 3+ ) 4f electron shells are less likely to become polarized during chemical reaction and hence will form less covalent metalligand bonds with Lewis bases than the rest of the lanthanide series, leading to potential anomalies in the otherwise coherent REY behavior. This effect is reflected, for example, in slightly lower metal-ligand stability for La, Gd, Lu and Y with most common organic acids (Peppard et al., 1969; Byrne and Lee, 1993) . It is also associated with the "tetrad effect" that has been demonstrated for pure chemical systems (Peppard et al., 1969) , but whose detection in natural environments remains controversial (Kawabe et al., 1991; Mclennan, 1994; Ohta and Kawabe, 2000; Takahashi et al., 2002) . Following Pearson (1968) , the behavior of La, Gd, Lu and Y suggests they can be interpreted as "harder" Lewis acids than the remainder of the lanthanide series. While some measures of Lewis acid hardness (Yang and Parr, 1985; Kinraide, 2009) do not distinguish these metals from the rest of the lanthanides, anomalies are predicted by the Misono softness parameter, 'Y', which for the REYs (Fig. 1) is determined according to (Misono et al., 1967; Sposito, 1994) :
where I Z is the ionization potential, R is the ionic radius and Z is the ion's formal charge. Herein, we refer specifically to "Misono softness" to avoid potential confusion with other hardness scales. Yttrium displays the lowest Misono softness of the series, and thus we expect anomalous Y behavior to be more pronounced than anomalous behavior La, Gd and Lu. Indeed, Y-Ho fractionations are apparent during innersphere complexation with Fe-(oxyhydr)oxide-and to a lesser extent Mn-oxide-surfaces (Ohta et al., 2009a) , where Y exhibits anomalously low sorbent affinity (Koeppenkastrop and De Carlo, 1992; De Carlo et al., 1997; Bau, 1999; Ohta and Kawabe, 2001; Quinn et al., 2004) , leading to solid phase depletions of Y relative to Ho. Bau (1999) suggests that while this effect is most pronounced for Y, it is also distinguished for La and weakly evident for Gd and Lu when Fe-(oxyhydr)oxides are the sorbent.
Prior field observations of Y-Ho fractionation derive largely from marine systems, where the supra-chondritic seawater [Chond] Y/Ho ratio of 1.4-2.5 and longer seawater residence times for Y than Ho (Nozaki et al., 1997) , are ascribed to greater Ho affinity for marine particle surfaces (Bau et al., , 1997 . This lower sorbent affinity for Y relative to Ho, respectively, is clearly evident in marine ferromanganese (Fe-Mn) crusts (Bau et al., 1996; Bau and Koschinsky, 2009) that are common features of redox-stratified ocean basins. In these basins, one finds aqueous Y/Ho ratios are higher in oxic than anoxic zones (e.g., Bau et al., 1997) , consistent with preferential accumulation of Ho on oxidized Fe-Mn crusts. Selective extractions suggest that such preference is more pronounced for Fe relative to Mn oxides (Bau and Koschinsky, 2009) , but Y depletion is evident in both solids.
In soils, prior studies of lanthanoid (re)distribution have emphasized redox-generated Ce and Eu anomalies and smooth, radius-dependent fractionation to (a) identify soil parent materials (Ö hlander et al., 1996; Aide and Pavick, 2002) , (b) infer soil redox conditions (Braun et al., 1990) , and (c) investigate patterns of trace element mobility (Nesbitt, 1979; Braun et al., 1993; Ö hlander et al., 1996; Braun Fig. 1 . Lewis acid softness of the lanthanoids expressed based on the Misono softness parameter Y (Misono et al., 1967) , calculated from Eq.
(1) with constants available in the Handbook of Chemistry and Physics (CRC, 2011) .
A. Thompson et al. / Geochimica et Cosmochimica Acta 119 (2013) 18-30et al., 1998; Minarik et al., 1998; Land et al., 1999) . Attention to Y-Ho fractionation in soils is noticeably absent (Huang and Gong, 2001; Aide and Smith-Aide, 2003; Laveuf et al., 2008; Mourier et al., 2008; Zhang et al., 2008; Fernandez-Caliani et al., 2009; Laveuf and Cornu, 2009; Sako et al., 2009; Tematio et al., 2009; Laveuf et al., 2012) . Perhaps this is because soils exhibit much higher solid-phase heterogeneity than marine systems (Tyler, 2004) . Still, anomalous Chond Y/Ho ratios are evident when examining solution data from continental rivers (Leybourne and Johannesson, 2008) , suggesting Y-Ho fractionation in terrestrial systems is likely common and may be detectable in soils. Indeed, careful inspection of existing datasets reveals elevated Y/Ho ratios in partial soil dissolutions relative to the whole soil digests (Minarik et al., 1998; Leybourne and Johannesson, 2008) and lower Y/Ho ratios in the most weathered samples in some laterite profiles (Sanematsu et al., 2011) . In addition, Y-Ho fractionation between solid and aqueous phases in low temperature biogeochemical systems can be observed by inspecting data collected during Y and Ho sorption to bacterial cells (Takahashi et al., 2005) or organic acid mediated mineral dissolution (Goyne et al., 2010) .
We hypothesized that Misono softness affects REY fractionation over the course of soil development from parent rock. To test this, we employed a Hawaiian chronosequence (the "long substrate age gradient" or "LSAG") of Fe-rich soils developed on basaltic lava flows ranging in age from 0.3 to 4100 ky (Vitousek et al., 1997) . The Y anomaly is of particular interest because it probes a large shift in Misono softness (0.20 nm, Fig. 1 (Kurtz et al., 2001) , are both within 1% of the Chondritic values (Nance and Taylor, 1976; Gladney and Roelandts, 1988) .
Prior laboratory studies, including our own, have shown that conjunctive measurement of soil dissolution and quantification of soil particle surface charge can be used to distinguish proton-promoted, ligand-promoted, and nanoparticle dispersive soil dissolution mechanisms, in part through measuring their dependence on primary geochemical variables such as pH and redox potential (Chorover and Sposito, 1995a,b,c; Thompson et al., 2006a,b) . The short-time-scales (e.g., <24 h) employed in such dissolution experiments model episodic infusions of rainfall into soil. In the current work, we applied this experimental design to evaluate whether contemporaneous mechanisms controlling Misono-dependent REY fractionation occur differently in proton-promoted, ligand-promoted or nano-particle dispersion dissolution regimes. We present a quantitative description of REY partitioning as a function of pH-dependent surface charge using a set of data that were collected concurrently with a study designed to investigate the evolution of surface charge and major element dissolution behavior across a chronosequence of soils (Chorover et al., 2004) . In addition to observing systematic variation in the Y anomaly across the soil dissolution pH range, our study also revealed anomalous behavior for La (as Chond La/Pr), which has the second lowest Misono softness of the REY (0.25 nm, Fig. 1 ) and, like Y, exhibits anomalously low affinity for Fe minerals (Bau, 1999) . Since Hawaiian soils are rich in organic matter (OM) and nano-crystalline Fe and Al-(oxyhydr)oxides (Chorover et al., 2004) , we postulated that the dissolution-dispersion behavior of these major soil chemical constituents might modulate or overprint the impacts of Y-Ho and La-Pr sorptive fractionation. Therefore, we also report data on the concurrent experimental dissolution of organic carbon, Fe, and Al.
MATERIALS AND METHODS

LSAG soil collection and characterization
Soil samples were collected from six sites along the LSAG, a well-characterized basaltic chronosequence on the islands of Hawaii, Molokai, and Kauai (Vitousek et al., 1997) . Site locations, additional information on soil and ecosystem properties, and reconstruction of the longterm geomorphological/climatic history of the sites as related to their use as a "true chronosequence" are given elsewhere (Crews et al., 1995; Vitousek et al., 1997; Chorover et al., 1999; Hotchkiss et al., 2000; Chorover et al., 2004; Vitousek, 2004) . One of the principal conclusions of these and related studies is that the LSAG covers such a long time span that variation in state factor parameters other than time, often problematic in shorter sequences, exerts minimal impact on LSAG pedogenesis. The time sequence of mineral-organic weathering-product composition and transformation has been well characterized in prior work (Torn et al., 1997; Chorover et al., 1999 Chorover et al., , 2004 Mikutta et al., 2009) (Chorover et al., 2004; Mikutta et al., 2009) . Each soil contains organic (O) horizons overlying organic-rich mineral horizons (A), subsoil B horizons (Bw), and partially weathered parent material (Cr). Buried horizons (resulting from periodic eruptions) are evident in the two youngest soils, but at depths greater than those studied here. We collected samples from 10 to 20 cm and 50 to 70 cm depths (Chorover et al., 1999 (Chorover et al., , 2004 , which corresponded to A and Bw or Bg horizons, respectively. Hawaiian rainforest soils are minimally bioturbated (Ziegler et al., 2005; Marin-Spiotta et al., 2011) and thus surface horizons that accumulate aeolian material are not physically mixed with underlying horizons. Samples collected from pit faces were composited in the field and transferred into Ziploc bags, double bagged, and then transported to the laboratory in coolers maintained at low temperature by addition of ice packs. Samples were stored in plastic Ziplock bags at 4°C without drying or other modification. Prior to measurement or experiments, the soil surface ion exchange sites were saturated with LiCl in order to eliminate differences in exchange site occupancy and electrolyte composition within and among the soils, i.e., by creating 'homo-ionic' soil pastes (for details see Chorover et al., 2004) . For measurement of total elemental concentrations, the soil pastes were oven dried and ground to a fine powder and subjected to Li-metaborate fusion (Hossner, 1996) and analysis via ICP-MS by Actlabs, Ancaster, ON, Canada.
REY release as a function of pH and surface charge
We previously conducted short-time, pH-dependent, batch dissolution experiments on surface and subsurface LSAG soils (Chorover et al., 2004) and report here REY element concentrations measured during these experiments that have not been published previously. In designing these experiments, we sought to link variation in surface charge with soil dissolution behavior based on a foundation laid in a series of seminal papers by Stumm and co-workers (Furrer and Stumm, 1986; Zinder et al., 1986; Wieland et al., 1988; Stumm and Wollast, 1990) where they developed mechanistic, predictive relations between surface charge/speciation (including adsorbed proton or ligand charge) and rates of polyvalent metal dissolution for Al and Fe oxyhydroxides and kaolinite (Stumm and Wollast, 1990) . The approach was later applied to multi-component kaolinitic soils suspended in homo-ionic (LiCl-saturated) form in "indifferent" (LiCl) background electrolyte (Chorover and Sposito, 1995a,b,c ) adsorption measurements using a batch titration approach in a simplified electrolyte medium enable correlation of soil dissolution rate with distinct components of surface charge. Here, we measure how REY release varies across the pH (and hence surface charge) range for elements of different Misono softness, and explore how the pH-dependent trends in fractionation vary systematically with the pedogenic time-scale sequence represented by the LSAG.
The experimental protocol was as described in Chorover et al., (2004) . Briefly, dissolution experiments were conducted at 298 K, and 0.01 M ionic strength over a range in aqueous proton concentration, measured as -log[H + ] (hereafter referred to as "pH") with target values ranging from $pH 2 to 9 in a constant 10.0 mM ionic strength background electrolyte solution composed of Li + , Cl À , H + , and OH À . The pH values were measured using an Orion-Ross 8102 combination electrode calibrated by Gran titration under N 2 (g) purge in the same solutions (ionic strength = 10 mM composed of the ions Li + , Cl À , H + , and OH À ; Chorover and Sposito, 1995c) . Duplicate subsamples of LiCl-saturated soil paste equivalent to 410 mg of dry soil were equilibrated (1:100 soil:solution ratio) in solutions of LiCl/HCl or LiCl/LiOH (total suspension mass of 41.0 g) to achieve target values for pH while maintaining an ionic strength of 0.01 M. Replicated titration "blanks" containing equivalent amounts of acid/base were prepared without soil. Tubes were mixed on an end-over-end shaker (7 rpm) for 3 h and then centrifuged at 27,000g (relative centrifugal force, RCF, see Wilson and Walker, 2010) for 20 min. Supernatant solutions were aspirated by Pasteur pipette into acid-washed, 60 mL HDPE bottles. Data collected on a subset of samples indicated that the pH values Chorover et al. (2004) : native pH measured in DI water; mineral composition based on XRD, abbreviations-upper case letters indicate major constituents, lower case letters indicate minor constituents; P = plagioclase; A = short-range-ordered Al gels or aluminosilicates (e.g., allophane); F = ferrihydrite; Q = quartz; V = vermiculite; HIV = hydroxyl-interlayered vermiculite; K = kaolin minerals (kaolinite and/or halloysite); Gi = gibbsite; He = hematite; Go = goethite; M = magnetite.
c These values from Mikutta et al. (2009) stabilized to within 0.5 pH units within the first 20 min of reaction in suspension, and they remained stable to within 0.1 pH units of the final pH (reported) between 2 and 3 h.
Using Stokes law and assuming a particle density of 2.73 g cm À3 (Thompson et al., 2006a) , we calculate particles less than 45 nm in equivalent spherical diameter remain suspended in supernatant solutions following the centrifugation step. Hence, suspensions run for ICP-MS analysis (below) can contain nanoparticles and macromolecules in addition to "true" solutes. While this precludes distinguishing nanoparticles from solutes directly-as might be achieved, e.g., by including an ultrafiltration or ultracentrifugation step-our motivation was to include by analytical design all mobile species released during soil weathering. Future researchers might benefit from including an ultrafiltration step to better refine the mass balance as reflected in other studies that have included such separations (Thompson et al., 2006a) .
Elemental analysis of the supernatants was accomplished by inductively coupled plasma mass spectrometry (ICP-MS, high-resolution Finnigan Element magnetic sector at the Penn State Geosciences Dept. (Schijf and Marshall, 2011) , may offer improved precision in future work. Finally, note that we refer to organic carbon in these supernatants as DOC for simplicity and consistency with Chorover et al. (2004) , despite evidence that some of the carbon is nanoparticulate and macromolecular (see Section 4, Discussion).
Notation and calculations
Throughout the text element concentrations and ratios are denoted as follows:
[R], where [M] is the element and [R] the ratio of interest, the preceding superscripted value, if present, denotes normalization of measured mass concentrations to standard Chondrite-Cl (Anders and Grevesse, 1989) . After normalization, anomalous behavior of Y or La is evaluated as suggested by Bau (1997) as [Chond] [Y/Ho] and [Chond] [La/Pr].
RESULTS
Y-Ho trends along the LSAG
Total soil REY patterns for our selected soil horizons ( Fig. EA-1 of the electronic annex) are similar to those presented by Kurtz et al. (2001) , with the exception that our plots include Y placed adjacent to Ho as suggested by Bau (1999) . REYs in Hawaiian soils derive from either the parent basalt material or from accumulated dust originating in Asia. However, the Y/Ho ratio of Hawaiian basalt and Asian Dust are both within 1% of the Chondritic values (Fig. 2) Chorover et al. (2004) ). Such behavior is similar to that observed previously for a range of kaolinitic tropical forest soils (Chorover and Sposito, 1995b) . REYs exhibit different pH-dependent dissolution patterns for the surface versus subsurface soils. In the surface soils, the REY p.m.d. corresponds with those for DOC and Fe (represented by dashed line at lower pH in Fig. EA-2 of the electronic annex);whereas in the subsurface soils the REY p.m.d. corresponds with that for Al (dashed line at higher pH in Fig. 3 and Fig. EA-3 
DISCUSSION
Y-Ho ratios as a tracer of Misono-dependent REY fractionation
Evaluating time-dependent changes in elemental enrichment-depletion patterns in soils along space-for-time gradients such as the LSAG can provide insight to the rates and pathways of weathered regolith formation from parent rock. We investigated here whether soil REY fractionation reflects variation in Lewis acid-base chemistry ( (Nance and Taylor, 1976; Gladney and Roelandts, 1988) . The latter feature is unlike the case for Eu, whose anomaly can be used to distinguish Hawaiian basalt from incoming continental dust Kurtz et al., 2001; Porder et al., 2007) (Fig. EA-1 Table EA -2). Thus, variation in soil Chond [Y/Ho] values can be considered a tracer of biogeochemical weathering stoichiometry rather than a reflection of differences in parent material. Indeed, we find between 0.3 and 20 ky of weathering, soil Chond [Y/Ho] ratio begins to decrease from its initial value of 1.0 to ca. 0.7 in the both surface and subsurface soils (Fig. 2 ). In the subsurface it remains at that value or below throughout the chronosequence, whereas in the surface soils after reaching a minimum of 0.7 at 150 ky, it then increases to above 1.0 at the oldest site. Using Chond [Eu/Eu * ] as a measure of dust input, dust accumulation becomes evident in the surface soils by 20 ky, but never impacts the subsurface soils substantially ( Fig. EA-4) . Thus, data from our subsurface transects indicate that Y-Ho fractionation does indeed occur across the LSAG (Fig. 2) . 
Potential mechanisms generating Misono-dependent REY fractionation
Soil solid phase Chond [Y/Ho] ratios less than unity indicate the preferential loss of the yttrium during soil weathering. By examining REY release across a wide pH range in dissolution experiments we gain insight on the mechanisms of dissolution and REY loss. The batch titration approach yields concave dissolution curves for Al, Fe and DOC with points of minimum dissolution (p.m.d.) signifying a boundary between proton and ligand plus dispersion promoted dissolution at pH values below and above the p.m.d., respectively ( Fig. 3 ) (Chorover and Sposito, 1995b; Chorover et al., 2004) . The Hawaiian soils studied here are replete with nano-particulate mineral-organic complexes that contain a high mass-normalized density of reactive surface hydroxyls (Chorover et al., 2004; Mikutta et al., 2009; Thompson et al., 2011) and undergo significant dispersion as pH increases more than a unit above the soil's point of zero charge (p.z.c.) (Chorover and Sposito, 1995b; Chorover et al., 2004; Thompson et al., 2006a) . Thus, ligandpromoted dissolution and nano-particulate dispersion cooccur in our experiments, and hence REY release at high pH derives from both mechanisms.
At pH values above the REY p.m.d., REY and DOC releases are strongly correlated ( Fig. EA-5 of the electronic annex) and charge-induced dispersion of soluble and nanoparticulate complexes is prevalent (Chorover et al., 2004 (Fig. 1) . Dissociatedcarboxylic acid groups in OM become progressively more important sites for REY complexation as pH increases above ca. pH 4 (Markai et al., 2003; Davranche et al., 2004; Pourret et al., 2007) . REY-carboxylate ligand stability is slightly lower for REYs with low Misono softness (Y and La) relative to their counterparts (Ho and Pr) (Byrne and Lee, 1993; Wood, 1993; Byrne and Li, 1995; Schijf and Byrne, 2001; Goyne et al., 2010; Christenson and Schijf, 2011) , which is consistent with the low aqueous Chond [Y/Ho] and Chond [La/Pr] values we observe at higher pH. Carbonate complexation may also contribute to the non-discriminate release of Y-Ho and La-Pr at higher pH. Although carbonate concentrations (not measured) are expected to be quite low in these experimentsgiven the initial soil pH (Table 1) , some REY complexation by carbonate ions is likely in the higher pH range of our experiments (Cantrell and Byrne, 1987; Ohta and Kawabe, 2000; Quinn et al., 2006b ). Aqueous carbonate complexation has been shown to influence total REY partitioning to Fe oxyhydroxide phases as well as to influence Y-Ho fractionation (Quinn et al., 2006b) . Ho forms stronger aqueous carbonate complexes than does Y (Liu and Byrne, 1995) and data from Quinn et al (2006b) suggest increasing aqueous carbonate concentrations-as well as increasing pH-in the presence of Fe oxyhydroxides decreases the difference between Ho and Y aqueous-solid partition coefficients (e.g.,log i K Preferential Y and La release extends to the lowest pH values in our experiment in the surface soils. Organo-mineral associations decrease the soil p.z.n.c. values in the surface soils of the LSAG to ca. pH 2 ( (Table 1 ) and this may contribute to the concave Misono-dependent REY fractionation pattern we observe as a function of dissolution pH. For instance, as the dissolution pH decreases below the soil p.z.n.c. the capacity for cation re-sorption (and REY fractionation by this mechanism) would progressively diminish and eventually become overprinted as dissolution of REY-bearing phases, especially Fe-oxides, increases at the lowest pHs ( Fig. EA-3 Chorover et al. (2004) found the surface charge density of these two soils increased more gradually with pH (e.g., 15-27 mmol c kg À1 per unit pH for the 0.3 and 1400 ky subsurface soils, respectively) than the intermediate aged soils for which surface charge density increased 50-70 mmol c kg À1 per unit pH. Perhaps, this slower increase in surface charge with increasing pH limited the amount of negatively charged sites available for sorptive fractionation until the pH increased much higher than the p.z.n.c. Alternatively, variation in the patterns of fractionation may derive from differences in the mineral composition of the soils (Chorover et al., 2004; Mikutta et al., 2009 Mikutta et al., , 2010 or shifting distribution of solid phase phosphorus across the LSAG (Crews et al., 1995; Chadwick et al., 1999; Vitousek, 2004) . With respect to the latter, Liu and Byrne (1997) found the solubility product of Y-phosphates and Ho-phosphates to be similar, suggesting minimal Y/Ho fractionation during phosphate mineral dissolution/precipitation. Phosphorus was not measured in our experiments, but 1:10 soil solutions from an intermediate-aged soil from Maui (Thompson et al., 2006a,b) contained at most 300 nmol g À1 soil P at pH 4-5, which would equate to 3 lmol L À1 P at the 1:100 soil:solution ratio used in the current experiments. Regardless, the data indicate preferential release of Y relative to Ho occurs when re-adsorption of REY ions are in competition with protons (Figs. 3-5 ).
Solid phases implicated in Y-Ho fractionation
Because Chond [Y/Ho] dissolution values were highest at low pH when organic carbon release and particle dispersion were minimized (Figs. 3-5) , we infer that Y-Ho fractionation is governed by differential affinity for soil solid phases. Mineralogy of these Hawaiian soils is a strong function of pedogenic age; primary minerals and volcanic glass predominates in young soils (<20 ky), short-range-ordered (SRO) Fe and Al oxides and aluminosilicate (allophane) mineral phases predominate in the intermediate aged soils (20-400 ky), and crystalline Fe and Al oxides and kaolinite are prevalent in the older soils (400-4100 ky) (Chorover et al., 2004; Thompson et al., 2011) . While sorptive Y-Ho fractionation is well established for Fe-(oxyhydr)oxide phases (Koeppenkastrop and De Carlo, 1992, 1993; Bau, 1999; Kawabe et al., 1999; Ohta et al., 1999; Ohta and Kawabe, 2000; Quinn et al., 2004 Quinn et al., , 2006a Bau and Koschinsky, 2009 ), fewer studies pertain to Al oxide and aluminosilicate phases. Quinn et al. (2004) examined linear free energy relationships (LFERs) between the first hydroxide stability constant (log OH b 1 ) for trivalent REYs and measured the REY aqueous-solid partitioning coefficient (logK D ) for Al and Fe hydroxides (as well as for In and Ga hydroxides) at pH 6.1. They found excellent LFERs with Al hydroxides, good correlation for Ga and In hydroxides, but poor correlation for Fe hydroxides (2004) . Thus, at the pH of the Quinn et al. (2004) experiments, Fehydroxide precipitates are unique among the metal-hydroxide adsorbents (Al, In, Ga, and Fe). Ohta et al. (2009a,b) used extended x-ray adsorption spectroscopy (EXAFS) to study the surface coordination of REYs on Fe and Mn surfaces. They found light REEs (including La) occur in a mixture of eight and nine-fold coordination on the goethite (aFeOOH) surface, while heavy REEs (including Y) occur in eight-fold coordination (Ohta et al., 2009b) . This is consistent with the aqueous REY water-ligand coordination numbers reported by Richens (1997) . Ohta et al. (2009b) detected no differences in the surface coordination number for Y and Ho and their EXAFS results suggest the Ho-O bond length on a goethite surface to be only minimally shorter than that for Y-O. The anomalously weak bond formed between Y and Fe (oxyhydr)oxide surfaces is thus likely due to a weaker electronic bonding structure (Kawabe et al., 1991; Bau et al., 1996; Bau, 1999; Ohta et al., 2009b) consistent with the lower Misono softness of Y relative to Ho (Fig. 1) .
The behavior of REYs toward Fe-bearing solids may explain the concave pattern of REY release in the subsurface soils at pH < Al p.m.d. (Figs. 3 and 5) . At moderately acidic pH (region 2, Fe p.m.d. < pH > Al p.m.d.), nanoparticle dispersion and proton-promoted dissolution are both minimal. Hence, REY release here is controlled by proton-REY sorptive competition. That this condition would maximize differences in Misono-dependent REY ion selectivity for Fe (oxyhydr)oxides is supported by the fact that it coincides with the peak in aqueous Chond (Bau et al., 1997) .
Although our data are consistent with a major role for Fe-oxyhydroxides in Misono-dependent REY fractionation across the LSAG, soils are complex systems comprising a wide range of solid phases. The as yet unresolved roles of solid organic matter (Land et al., 1999; Davranche et al., 2004; Pourret et al., 2007) , aluminum oxides (Rabung et al., 2000) , silicates (Coppin et al., 2002; Tertre et al., 2006) , accessory REY-minerals (Braun et al., 1990 (Braun et al., , 1998 Aide and Pavick, 2002; Aubert et al., 2004; Goyne et al., 2010; Sanematsu et al., 2011) , microbial cell biomass (Taunton et al., 2000; Takahashi et al., 2005) and colloid vs. aqueous release (Ingri et al., 2000; Astrom and Corin, 2003; Schijf and Zoll, 2011; Stolpe et al., 2013) in Y-Ho fractionation across the LSAG cannot be discounted without further investigation of REYs in soils, which has to this point largely overlooked Y (Huang and Gong, 2001; Hodson, 2002; Tyler, 2004; Laveuf and Cornu, 2009; Davranche et al., 2011) .
Why Y-Ho fractionation is most pronounced in younger soils
We expected subsoil Chond [Y/Ho] to decrease progressively with increasing soil age. Instead, Chond [Y/Ho] values decrease dramatically in the younger soils and then remain equal within error throughout the rest of the weathering sequence (Fig. 2) . Certainly, the accumulation of Asian dust with Y/Ho values similar to fresh basalt could modulate the preferential loss of Y in the older soils. Although the Chond [Eu/Eu * ] ratios suggest dust accumulation in the subsurface is minimal (Fig. EA-5 ), at the older sites dust-associated REYs in the surface may have been translocated to depth.
However, the dramatic decrease in soil weathering rate as a function of parent rock age (Chadwick and Chorover, 2001) likely plays an important role in the attenuation of Y-Ho fractionation in older soils. Early stage weathering of volcanic glass proceeds rapidly (Shoji et al., 1993) , releasing framework elements such as Fe, Al, Si and Ti-as well as primary mineral-associated trace REYs-faster than thermodynamically stable crystalline minerals can precipitate. This leads to soil solutions that are over-saturated with respect to metastable, short-range-ordered (SRO) phases (allophane, ferrihydrite, and opaline silica) that have smaller critical nuclei and whose precipitation is favored kinetically over that of more crystalline minerals (Steefel and Van Cappellen, 1990) . The de novo SRO phases have large specific surface areas and strongly sequester REYs through either co-precipitation or surface complexation (e.g., Bau, 1999) . At this early stage in LSAG soil development, organic matter coatings are also more sparsely distributed than in older soils (Chorover et al., 2004; Mikutta et al., 2009 ) and thus dissolved REYs are more likely to interact directly with SRO Fe mineral surfaces than in the older soils. By 150 ky, the weathering rate along the LSAG has decreased considerably with minor subsequent decreases to 4100 ky (Chadwick and Chorover, 2001) .
Thus, between 0.3 and 20 ky, a high rate of primary mineral weathering combined with negligible accumulation of Asian dust, active precipitation of SRO minerals (esp. Fe oxyhydroxides) and minimal organic matter-mineral association may converge to promote preferential loss of Y relative to Ho. This coincides with a transition in the soil mineral composition from primary volcanic phases to secondary SRO Fe, Al and aluminosilicate phases embedded in a matrix of organic matter (Chorover et al., 2004; Thompson et al., 2006a; Mikutta et al., 2009 ). To date, Y-Ho fractionation has been ascribed predominately to partitioning between the aqueous phase and Fe and Mn oxides with most field data coming from marine environments (e.g., Koeppenkastrop and De Carlo, 1992; De Carlo et al., 1997; Bau, 1999) . If a similar Y-Ho fractionation bias toward Fe and Mn-oxides exists in soils, measurements of Y/Ho ratios might be useful for constraining the role of Fe-oxides during pedogenesis or the influence of Fe-oxides across a watershed. However, our findings suggest complexation of REY's by dissolved organic matter (DOM) may modulate pedogenic Y-Ho fractionation, and complicate the interpretation in organic-rich soils. Future studies across the regolith-weathering front would be helpful in isolating age-related changes in Y-Ho fractionation. Other soil components such as Al-oxides and layered aluminosilicates must be evaluated for potential Y-Ho fractionation in order to extend the use of this ratio as a tracer of soil processes. Fig. 4 ). Note the slope of the regression lines is lower for Y (0.24 ± 0.01) and La (2.1 ± 0.1), than for Ho (0.36 ± 0.03) and Pr (2.2 ± 0.1), respectively. All errors are standard deviation of the linear regressions (P < 0.0002 in all cases). All measurements on < 0.045 µm solutions. All values are in mg kgˉ¹ soil. All errors are 2 standard deviations based on multiple measurements of the % stdev for the Maui 4-6 standard (see above) All values are in µmol Lˉ¹ soln, except pH (-log mol L -1 ) and Soln:Soil, which is the mass ratio of suspension to soil. All values are in µmol Lˉ¹ soln, except pH (-log mol L -1 ) and Soln:Soil, which is the mass ratio of suspension to soil. 100.5 7.17 5445.01 2.22E+02 5.07E+00 4.07E+01 3.21E-03 1.02E-02 2.39E-02 2.66E-03 1.02E-02 2.22E-03 6.51E-04 1.96E-03 2.58E-04 1.22E-03 1.39E-04 2.45E-04 2.96E-05 1.91E-04 2.29E-05 100.0 7.07 5544.08 2.38E+02 5.61E+00 4.29E+01 3.24E-03 9.98E-03 2.34E-02 2.58E-03 1.04E-02 2.23E-03 6.78E-04 1.87E-03 2.76E-04 1.21E-03 1.39E-04 2.15E-04 3.55E-05 1.44E-04 2.29E-05 99.3 All values are in µmol Lˉ¹ soln, except pH (-log mol L -1 ) and Soln:Soil, which is the mass ratio of suspension to soil. b.d., below detection All values are in µmol Lˉ¹ soln, except pH (-log mol L -1 ) and Soln:Soil, which is the mass ratio of suspension to soil.
